WNT inhibitory factor-1 (WIF1) is an antagonist of the WNT signaling pathway. We investigated the relationship between WIF1 promoter methylation and regulation of the WNT/b-catenin signaling pathway, tumor grade, and survival in patients with astrocytoma. This study included 86 cases of astrocytoma, comprising 20 diffuse astrocytomas and 66 glioblastomas. In addition, 17 temporal lobectomy specimens from patients with epilepsy were included as controls. The ratio of methylated DNA to total methylated and unmethylated DNA (% methylation) was measured by methylation-and unmethylation-specific PCR. Representative tumor tissue was immunostained for WIF1, b-catenin, cyclin D1, c-myc, and isocitrate dehydrogenase 1. Levels of WIF1 promoter methylation, mRNA expression, and protein expression in a glioblastoma cell line were compared before and after demethylation treatment. The mean percent methylation of the WIF1 promoter in astrocytomas was higher than that in control brain tissue. WIF1 protein expression was lower in the tumor group with 45% methylation than in the group with o5% methylation. Cytoplasmic b-catenin staining was more frequently observed in tumors with a low WIF1 protein expression level. Demethylation treatment of a glioblastoma cell line increased WIF1 mRNA and protein expression. Increased WIF1 promoter methylation and decreased WIF1 protein expression were not related to patient survival. In conclusion, WIF1 expression is downregulated by promoter methylation and is an important mechanism of aberrant WNT/b-catenin pathway activation in astrocytoma pathogenesis. Modern Pathology (2013) 26, 626-639; doi:10.1038/modpathol.2012.215; published online 18 January 2013
cyclin D1 status have been reported to be independent prognostic factors in glioma patients. 2 WNT inhibitory factor-1 (WIF1) is an antagonist that inhibits the WNT signaling pathway; [5] [6] [7] therefore, functional loss of WIF1 can contribute to tumorigenesis by activation of the WNT pathway. Downregulation of WIF1 mRNA and protein expression levels as a result of WIF1 gene promoter methylation has been reported in human astrocytoma. 7, 8 However, the influence of WIF1 promoter methylation and WIF1 protein expression level on components of WNT pathway has not been described in astrocytoma, except for a single study revealing that demethylation of the WIF1 gene promoter and restoration of WIF1 protein expression decreased cytosolic b-catenin protein levels. 9 Furthermore, although there is a published study on the relationship between WIF1 promoter methylation and the grade of astrocytomas, 7 the prognostic impact of WIF1 promoter methylation and WIF1 protein expression has not been investigated in astrocytomas.
In this study, we primarily investigated the biological and clinical effects of WIF1 gene promoter methylation and WIF1 protein expression with respect to tumor grade and patient survival. We also investigated the role of WIF1 gene promoter methylation as a regulatory mechanism of WIF1, and subsequently, other proteins of WNT pathway such as b-catenin, cyclin D1, and c-myc expression, along with isocitrate dehydrogenase 1 (IDH1).
Materials and methods

Case Selection
We retrieved samples of astrocytoma tumors that were resected or biopsied at Asan Medical Center between 2000 and 2008. A total of 86 samples from 81 patients were available as paraffin-embedded material in large enough quantities to obtain sufficient DNA for molecular studies and construct tissue microarrays for immunohistochemical staining. These samples consisted of 20 diffuse astrocytoms and 66 glioblastomas, according to the WHO classification of tumors of the nervous system. 1 Among 66 glioblastomas, 5 were recurrent tumors, and therefore, there were 61 glioblastoma patients. Adjacent nonneoplastic brain tissues were available in 6 diffuse astrocytomas and 12 glioblastomass. For control brain samples, we selected 17 temporal lobectomy specimens from patients with epilepsy. We also collected data on patient age, sex, tumor size, residual tumor after resection, and survival.
Cell Culture and In Vitro Demethylation Treatment
The human glioblastoma cell line U251, listed among the NCI-60 cell lines (Jackson Laboratory, Sacramento, CA, USA), was used in this study. Cells were grown as monolayers in RPMI-1640 medium supplemented with 10% heat inactivated fetal bovine serum and 1% penicillin-streptomycin solution (Gibco, Carlsbad, CA, USA). Cultures were maintained at 37 1C in a humidified atmosphere containing 5% CO 2 with a change of culture medium every 2-3 days. For demethylation treatment, cells were seeded in 100-mm cell culture dishes (Falcon, Franklin Lakes, NJ, USA) for 24 h before treatment with 10 mM 5-aza-2 0 -deoxycytidine (5-AZA-dC, Sigma Aldrich, St Louis, MO, USA) for 3 days. Fresh drug was added every 24 h.
Genomic DNA Extraction
Genomic DNA extraction from paraffin-embedded tissue was performed with QIAamp DNA FFPE Tissue Kit (QIAgen, Hilden, Germany). Genomic DNA was extracted from U251 cells using Labopass Genomic TM isolation Kit (COSMO, Genetech, Seoul, Korea) according to the manufacturer's instructions. Before methylation-and unmethylation-specific PCR, bisulfite modification was performed with 2 mg genomic DNA using the EZ DNA methylation kit (Zymo Research, Orange, CA, USA) to obtain a final elution volume of 10 ml. Treatment of DNA with bisulfite resulted in the conversion of unmethylated cytosine into uracil. In contrast, 5-methyl cytosine (mC) was not converted and thus remained as cytosine.
Methylation-and Unmethylation-Specific PCR
The promoter region of the WIF1 gene was identified using the transcriptional regulatory element database (http://rulai.cshl.edu/cgi-bin/TRED/tred. cgi?process=searchPromForm; Accession number, 10003). The PCR primers targeted CpG islands of the WIF1 promoter region. The sequences of the methylation-specific and unmethylation-specific reverse primers were 5 0 -ACGCGAACGAAATACG AACG-3 0 and 5 0 -CCCACAAAACCTAAACAACCA-3 0 , respectively. The forward primer (5 0 -ATTGGGYG TATTGTATTGTGAATG-3 0 ) was designed to anneal equally well to methylated and unmethylated DNA. For methylation-and unmethylation-specific PCR using genomic DNA from paraffin-embedded tissue, 1.5 ml each of forward primer and methylationspecific reverse primer at 10 pmol concentration were mixed with 1 ml unmethylation-specific primer at the same concentration for effective detection of methylated DNA. For PCR with genomic DNA from the glioblastoma cell line, we used 1.5 ml forward primer, 1 ml methylation-specific reverse primer, and 1.5 ml unmethylation-specific reverse primer. The three primers were mixed in one tube together with 2 ml bisulfate-converted DNA to compare the proportions of methylated and unmethylated DNA in the WIF1 promoter. PCR was performed using Blend Taq-Plus polymerase (TOYOBO, Osaka, Japan) and the following cycling conditions: an initial denaturation step at 94 1C for 5 min followed by 20 
Quantification of WIF1 Promoter Methylation
Each sample yielded PCR products of 134 base pairs and 104 base pairs, corresponding to methylated and unmethylated template, respectively (Figure 1 ). The intensity of each band was measured using AlphaEaseFC software and given as the relative percentage of the combined intensity of the methylation band and unmethylation band, which was taken as 100%. For quantification of the amount of methylated DNA in proportion to total DNA, we constructed a standard curve using control DNA samples prepared by mixing totally methylated DNA and totally unmethylated control DNA (EpiTect PCR Control DNA set, bisulfate-converted; QIAgen) in proportions of 0, 5, 10, 20, 50, 80, 90, 95, and 100% methylated DNA (Supplementary Figures 1a and b) . Methylation-and unmethylation-specific PCR was performed using the control DNA and the two primer mixes described above for samples from paraffin-embedded tissues and the U251 cell line. Fitting of the standard curves resulted in the functional formula y ¼ 2.598e 0.035x for the primer ratio used for PCR of DNA from paraffin-embedded tissue (Supplementary Figure 1c) and y ¼ 2.671 e 0.034x for the primer ratio used for PCR of DNA from the U251 cell line (Supplementary Figure 1d) , where x represents the relative intensity of the methylation band, and y represents the proportion of methylated DNA in total DNA (% methylation).
Measurement of WIF1 mRNA in Glioblastoma Cell Line
Total RNA was extracted from U251 cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions and quantified using NanoDrop Technologies (Wilmington, DE, USA). Complementary DNA was synthesized from 1 mg of extracted total RNA using oligo-dT primers and a SuperScript III reverse transcriptase kit (Invitrogen). , and IDH1 (anti-IDH1 R132H , 1:50; Dianova, Hamburg, Germany) was performed using a Benchmark automatic immunostaining device (Ventana Medical System, Tucson, AZ, USA). WIF1 expression was considered positive when staining was present in the cytoplasm. Staining was scored for intensity (0 (negative), 1 (weak), 2 (strong)) and for percentage of positive tumor cells among all tumor cells (0 (0%), 1 (1-25%), 2 (26-50%), 3 (51-75%), 4 (76-100%)). For cyclin D1, nuclear staining intensity and percentage of positive tumor cells were assigned as follows: intensity score of 0 (negative), 1 (weak), 2 (intermediate), or 3 (strong); and percentage score of 0 (0%), 1 (1-5%), 2 (10-30%), or 3 (40-100%). The final immunohistochemical score for WIF1 and cyclin D1 was obtained by multiplication of the intensity and percentage scores. C-myc was considered positive when expressed in cytoplasm, as per the manufacturer's protocol. Staining for c-myc was homogenous in all astrocytomas, and therefore the immunohistochemical score only reflected intensity, scored as 0 (negative), 1 (weak), 2 (intermediate), or 3 (strong). Staining patterns of b-catenin were divided into membranous, cytoplasmic, and nuclear staining. Combined membrane and cytoplasmic and combined cytoplasmic and nuclear pattern were also described ( Figure 2 ). Adjacent nonneoplastic brain tissue and control brain tissue were not amenable to immunohistochemical scoring because nonneoplastic glial cells have very small amounts of cytoplasm and mainly consist of neuropils.
Immunohistochemical Staining and
Immunofluorescence Assay for WIF1 in Glioblastoma Cell Line
Expression of WIF1 protein in glioblastoma cells was measured by immunohistochemical staining and immunofluorescence assay before and after treatment with 5-AZA-dC. The cells were seeded in a 4-well slide chamber (Lab-Tek) and fixed with 4% paraformaldehyde for 10 min. Before immunostaining, antigen was retrieved by incubation in 10 mM sodium citrate (pH 6.0) for 10 min. The cells were incubated in peroxidase blocking buffer (0.3% H 2 O 2 in methanol) to block activity of endogenous peroxides, and then with 1% goat serum and 1% bovine serum albumin in 0.1 M PBS to block nonspecific antibody binding. Cells were treated with antibody against human WIF1 (1:100; R&D Systems) at room temperature for 1 h. Substratediaminobenzidine (DAB) (Envision DAB þ Kit, Dako) was added and the samples were counterstained with hematoxylin (Mayer's hematoxylin; Dako). The percentage of WIF1-positive cells was determined by counting a total of 200 cells and scoring positively stained cells.
For the immunofluorescence assay, cells were fixed with 4% PFA in 0.1 M PBS (pH 7.4) for 10 min. The fixed cells were incubated in 0.1% Triton-X 100 in 0.01 M sodium citrate buffer for 15 min for antigen retrieval, and then washed with PBS washing buffer (0.05% Tween-20 in 0.1 M PBS). Nonspecific antigens were removed using 1% BSA/1% NGS in 0.1 M PBS solution. The cells were incubated with anti-WIF1 antibody for 1 h at room temperature. WIF1 antibody was detected by incubation with goat anti-mouse IgG-conjugated Alexa 555 secondary antibody (Invitrogen) for 1 h. Each sample was counterstained with DAPI (Invitrogen) and mounted with flourescence mounting solution.
Statistical Analyses
Comparison of patient age between different groups was performed using Student's t-test. Variables that did not have a normal distribution, such as % methylation and WIF1 immunohistochemical score, were analyzed by Mann-Whitney U-test. To adjust for the age effect on % methylation, we used simple and multiple linear regression models after transformation of % methylation to log(% methylation þ 1) to give a normal distribution. The correlation between promoter methylation, protein expression of WIF1, b-catenin, cyclin D1, c-myc, IDH1, and tumor grade was analyzed using Pearson's w 2 test or Fisher's exact test, with a P-value o0.05 considered to be statistically significant. For measurement of WIF1 promoter methylation, mRNA, and protein expression level in the U251 cell line, each experiment was performed three times to provide a mean value, and means were compared by Mann-Whitney U-test. Univariate and multivariate survival analyses were performed using the Cox regression hazard model. All statistical analyses were performed with SPSS version 15.0.
Results
Clinical Data
Among 66 glioblastomas, 5 were recurrent tumor, the patients with which were included in glioblastoma groups. Therefore, 61 patients with glioblastoma, 20 patients with diffuse astrocytoma, and 17 patients who underwent temporal lobectomy were included in the analysis of the age, sex, and survival of patients. Male-to-female ratios were 1.1:1 for the glioblastoma group, 4:1 for the diffuse astrocytoma group, and 1.8:1 for the temporal lobectomy group. Mean patient ages were 45.3 years (10-72 years) for glioblastoma, 38.0 years (24-69 years) for diffuse astrocytoma group, and 34.8 years (27-46 years) for the temporal lobectomy group. The mean age of patients with tumor (diffuse astrocytoma and glioblastoma) was 43.5 years (10-72 years) and was significantly higher than that of patients in temporal lobectomy group providing control brain tissue. The mean age of patients with glioblastoma was greater than that of patients with diffuse astrocytoma (Po0.001). The mean age of patients whose samples contained nonneoplastic brain tissue adjacent to the tumors was 42.8 years (10-65 years), and was significantly greater than that of the temporal lobectomy group (P ¼ 0.031). The mean age of patients with glioblastoma or diffuse astrocytoma was significantly higher than that of patients in the temporal lobectomy group (Po0.001).
Among 66 glioblastoma, 52 tumors were subjected to postoperative adjuvant radiotherapy (22, 33 .3%), chemotherapy (11, 16 .7%), and chemoradiotherapy (19, 28.8%) . No adjuvant therapy was performed in 8 (12.1%) glioblastoma. Because 6 patients (9.1%) with glioblastoma were transferred to other hospital after operation, we could not figure out whether adjuvant therapy was done or not. For diffuse astrocytoma, 12 (60.0%) tumors were subjected to radiotherapy, and 1 (5.0%) tumor was subjected to chemotherapy. Adjuvant therapy was not performed in 7 (35.0%) diffuse astrocytomas. Chemotherapeutic agent was tenozolomide in all cases involving chemotherapy.
WIF1 Promoter Methylation Level of Glioblastoma, Diffuse Astrocytoma, Nonneoplastic Brain Tissue Adjacent to Tumor, and Control Brain Tissue
The mean % methylation of the WIF1 promoter in tumors (diffuse astrocytoma and glioblastoma) was 5.2%; this was significantly higher than that in control brain tissues from the temporal lobectomy group (mean 0.2%; P ¼ 0.002). Among tumor groups, the mean % methylation was not significantly different between the diffuse astrocytoma group (1.7%) and the glioblastoma group (6.2%; P ¼ 0.182; Figure 3 ). Promoter methylation is known to increase with age. Therefore, to confirm the difference in % methylation between control brain tissues and tumors, adjustment for the age factor was needed because patient age was significantly different between these groups. 10 On multivariate analysis with a linear regression model, the higher % methylation in tumor than in control brain tissue remained statistically significant, independent of patient age (P ¼ 0.015; Table 1 ).
Although the methylation band was detected in three samples of control brain tissue from the temporal lobectomy group (17.3%), all control tissues had o5% methylation, whereas 20 of the tumors (23.3%) showed 45% methylation (P ¼ 0.038). We set 5% methylation as the cutoff value for dividing the tumor group because up to 5% methylation could be observed in control brain tissue and therefore might reflect aging, the disease process of epilepsy, or false-positive methylation caused by incomplete bisulfate modification reaction or nonspecific amplification. As described in Table 2 , the proportion of patients with 45% methylation was higher for glioblastoma (17 of 66, 25.8%) than diffuse astrocytoma (3 of 20, 15.0%) but this was not significant (P ¼ 0.382), consistent with the results for mean % methylation.
Adjacent nonneoplastic brain tissue was available in 6 diffuse astrocytoma cases and 12 glioblastoma cases. Of the 18 adjacent brain tissue samples, 9 (50.0%) yielded a methylation band on methylation-and unmethylation-specific PCR, and 1 of them (5.6%) showed 410% methylation (19.2). The mean % methylation of adjacent brain tissue was 2.3%, and was significantly higher than 0.2% of control brain tissue from the TL group (P ¼ 0.041; Figure 3 ). However, when we considered the younger mean age of patients in the temporal lobectomy group compared with the group with adjacent brain tissues, multivariate analysis to adjust for the age effect revealed only a marginally significant difference between % methylation of the two groups (P ¼ 0.073; Table 1 ). There was a positive correlation between % methylation of the tumor and the respective adjacent nonneoplastic tissue (Spearman's correlation coefficient 0.564, P ¼ 0.015).
Immunohistochemical Analysis of Paraffin-Embedded Tumor Tissue to Investigate the Correlation Between WIF1 and Other Proteins in the WNT/b-Catenin Pathway
The results of immunohistochemical staining for WIF1, b-catenin, cyclin D1, and c-myc are summarized in Tables 2 and 3 . Four b-catenin staining patterns were identified. Among 86 astrocytomas, 51 tumors (59.3%) showed membranous pattern, 6 tumors (7.0%) showed membranous and cytoplasmic patterns, 23 tumors (26.7%) had cytoplasmic pattern, and 6 tumors (7.0%) had cytoplasmic and nuclear patterns. In all of the 6 tumors (1 diffuse astrocytoma and 5 glioblastomas) with combined membranous and cytoplasmic b-catenin staining patterns, the b-catenin positivity was stronger in membrane than in cytoplasm. The 6 tumors (2 diffuse astrocytomas and 4 glioblastomas) with nuclear b-catenin positivity had weak to strong cytoplasmic positivity. Therefore, for statistical analysis, the A cytoplasmic and/or nuclear b-catenin staining pattern was more frequently observed in glioblastomas (39.4%) than in diffuse astrocytomas (15.0%; P ¼ 0.059). More glioblastomas than diffuse astrocytomas had a cyclin D1 immunohistochemical score of 4-9 (P ¼ 0.020) and the intensity of c-myc staining was stronger in glioblastomas than in diffuse astrocytomas (P ¼ 0.002). The proportion of IDH1-positive tumors was slightly higher in diffuse astrocytomas (20.0%) than in glioblastomas (13.6%), but statistical significance was not reached (P ¼ 0.489).
Of the 49 tumors containing r50% WIF1-positive cells, 24 (49.0%) had cytoplasmic or cytoplasmic/ nuclear b-catenin staining pattern, a significantly higher rate than in tumors containing 450% WIF1 positive cells (5 of 37 tumors, 13.5%; P ¼ 0.001; Table 3 ). When compared according to WIF1 immunohistochemical score, tumors with cytoplasmic or cytoplasmic/nuclear b-catenin staining pattern were observed in 22 of 47 (46.8%) tumors with immunohistochemical score 0-2, and in 7 of 39 (17.9%) tumors with immunohistochemical score 3-8 (P ¼ 0.006). There was no significant relationship between WIF1 protein expression level and expression of cyclin D1, c-myc, or IDH1.
Correlation of WIF1 Promoter Methylation Level and Immunohistochemical Results in Paraffin-Embedded Tumor Tissue
Comparison of immunohistochemical results between the tumor group with r5% methylation and the tumor group with 45% methylation is described in Table 4 . The mean percentage of tumor cells that were WIF1 positive was lower in the group with 45% methylation than in the group with r5% methylation (P ¼ 0.001). In the group with 45% methylation, only 3 of 20 tumors (15.0%) contained 450% cells positive for WIF1 and had a WIF1 immunohistochemical score of Z3; this was strikingly different from the group with r5% methylation in which more than half of the tumor cells were positive for WIF1 in 81.5% of cases (P ¼ 0.004) and 54.5% showed a WIF1 immunohistochemical score between 3 and 8 (P ¼ 0.002). More cases showed cytoplasmic or cytoplasmic/nuclear b-catenin staining pattern in the 45% methylation group than in the r5% methylation group, but this difference was not statistically significant (P ¼ 0.106). Cyclin D1 immunohistochemical score and c-myc immunohistochemical intensity were slightly higher in the 45% methylation group than in the r5% methylation group, but did not reach statistical significance (P ¼ 0.241 and 0.251, respectively).
Comparison of WIF1 Promoter Methylation Level and mRNA and Protein Expression of WIF1 in Glioblastoma Cell Line Before and After Demethylation Treatment
In the U251 cell line, the mean % methylation of the WIF1 gene promoter was 65.4% (±8.7 s.d.) without exposure to 5-AZA-dC and decreased to 42.9 ± 7.1 after 5-AZA-dC treatment (P ¼ 0.029; Supplementary Figure 2a) . After demethylation treatment with 5-AZA-dC, the level of WIF1 mRNA significantly increased 1.9 ± 0.6-fold (P ¼ 0.029; Supplementary Figure 2b) . On immunohistochemical staining, the percentage of WIF1-positive cells was 20.0 ± 1.0% before 5-AZA-dC treatment and significantly increased to 36.3±2.75% with treatment (P ¼ 0.029; Supplementary Figure 2c ). In the immunofluorescence assay, more WIF1-positive cells were observed and WIF1 immunostaining was stronger among cells exposed to 5-AZA-dC than among cells without 5-AZA-dC treatment ( Supplementary Figures 2d and e) .
Survival Analyses
Among the 20 patients with diffuse astrocytoma, 3 (15.0%) patients died, whereas the mortality rate of patients with glioblastoma was 83.6% (51 of 61 Figure 4a ). On univariate analyses, other factors related to poor survival were increased age (P ¼ 0.001) and presence of residual tumor after resection (P ¼ 0.065; Table 5 ). Percent methylation, presented as either a continuous variable or a categorical variable with a cutoff of 5% methylation, had no significant effect on patient survival (Table 5 and Figure 4b Table 6 ) that resulted in no significant effect of WIF1-positive cell percentage and WIF1 immumohistochemical score on patient survival (P ¼ 0.241 and P ¼ 0.258, respectively). Tumor grade and increased patient age were independent significant factors for poorer patient survival (Po0.001, both). When a set consisting only of 61 glioblastomas were separately analyzed for patient survival (Table 7) , increased patient age and presence of residual tumor were adverse prognostic factors (P ¼ 0.001 and P ¼ 0.008, respectively), but WIF1-positive cell percentage and WIF1 immunohistochemical were not (P ¼ 0.367 and P ¼ 0.543, respectively), neither were % methylation of WIF1 promoter, tumor size, b-catenin, cyclin D1, c-myc, IDH1 staining patterns, and postoperative treatment. Multivariate analysis was not eligible because only 10 patients survived. 
Discussion
WIF1 is known to be downregulated in many malignant tumors such as hepatocellular carcinoma, 11, 12 nasopharyngeal carcinoma, 13,14 lung cancer, 9,15 colon cancer, 14 renal cell carcinoma, 16 esophageal adenocarcinoma, 17 melanoma, 18 and bladder cancer. 19 The main mechanism of WIF1 inactivation is aberrant promoter methylation, as demonstrated by the inverse correlation between WIF1 promoter methylation and expression of WIF1 mRNA or protein 8, 11, 12, [19] [20] [21] [22] [23] [24] and restoration of WIF1 expression by promoter demethylation treatment. 9,20,22, 23 Yang et al 7 first described WIF1 gene promoter hypermethylation in human astrocytoma and showed that this methylation was associated with decreased Wif1 mRNA and protein expression. In their report, the frequency of aberrant promoter methylation was higher in astrocytoma than in normal brain tissue, where no aberrant methylation was found. In our series, the level of WIF1 gene promoter methylation, described as % methylation, was higher in astrocytoma than in control brain tissue from epilepsy patients, consistent with results from previous studies of astrocytoma and tumors of other organs. However, patient age should be considered before drawing any conclusions, because a recent study by Hernandez et al 10 revealed a positive correlation between age and DNA methylation level in human brain tissue. In our study, the higher level of WIF1 promoter methylation in astrocytoma was statistically significant independent of the age difference between the astrocytoma group and the control temporal lobectomy group, as proved by multivariate analysis using a linear regression model. This finding strongly suggests that WIF1 promoter methylation plays a major role in the pathophysiology of astrocytoma. Several authors support the theory that promoter methylation occurs in the early stage of carcinogenesis based on the observation that genes of nonneoplastic tissue from organs containing tumor are more frequently methylated than those of tissue from patients without tumor. 14, 17, 24 However, studies on the methylation status of nonneoplastic tissue adjacent to tumors of various organs revealed controversial results. It has been reported that WIF1 promoter hypermethylation is more frequent in adjacent normal colorectal mucosa from cancer patients compared with normal mucosa from patients without tumor. 24 However, a study on hepatocellular carcinoma revealed no significant difference in WIF1 promoter methylation frequency between adjacent normal tissue and normal control tissue. 11 Our results showed a higher methylation level in nonneoplastic brain tissue adjacent to astrocytoma than in control tissue from epileptic brain. Astrocytomas are not amenable to wide excision because of high morbidity after large resection of brain tissue, and are frequently infiltrative in microscopic level. Therefore, adjacent brain tissue in this study might contain tumor cells from the first place, and might influence on increased promoter methylation level. Other explanation is that the younger mean age of patients in the control group seemed to influence this result because the effect was canceled by multivariate analysis adjusting for the age factor. Larger numbers of tumor cases with adjacent brain tissue and age-matched control brain tissue are needed for more reliable investigation of methylation status in adjacent brain tissue.
An inverse correlation between promoter methylation of the WIF1 gene and expression of WIF1 mRNA or protein 8, 11, 12, 19, 20, [22] [23] [24] and restoration of WIF1 expression by promoter demethylation treatment 9, 20, 22, 23 have been shown in many malignant tumors including astrocytoma. 7, 8 Our study also revealed an inverse correlation between promoter methylation and WIF1 protein expression, and an increase in WIF1 mRNA and protein expression level following demethylation treatment, confirming that promoter methylation is a major inactivation mechanism of the WIF1 gene.
Our results regarding tumor grade showed that expression of WIF1, b-catenin, cyclin D1, and c-myc were all associated with tumor grade, but WIF1 promoter methylation was not. The relationship between promoter methylation of the WIF1 gene and tumor grade is controversial. A study on colon cancer showed that WIF1 promoter methylation was not related to tumor grade, 24 in contrast to the result of Yang et al 7 who reported a higher frequency of aberrant methylation of the WIF1 promoter in glioblastomas than in low-grade gliomas. In our study, both the mean % methylation and the proportion of tumors with 45% methylation were higher in glioblastoma than in diffuse astrocytomas, although statistical significance was not reached.
Further study with more astrocytoma cases is warranted to clarify this issue. On the other hand, the reduced level of WIF1 protein expression, more frequent cytoplasmic or cytoplasmic/nuclear b-catenin staining pattern, and increased cyclin D1 and c-myc expression in glioblastomas relative to diffuse astrocytomas were consistent with results of other studies. 2, 4, 7, 25 These findings suggest that WIF1 promoter methylation is a common process that occurs relatively upstream in tumorigenesis, and that the accumulation of additional downstream alterations in the WNT/b-catenin pathway is related to the aggressiveness of astrocytoma.
Regarding b-catenin immunohistochemistry, we lumped four b-catenin staining patterns into two groups for statistical analysis. The one was membranous or membranous/cytoplasmic pattern, and the other was cytoplasmic and cytoplasmic/nuclear pattern. b-Catenin plays a pivotal role in canonical Wnt signaling pathway and cell-to-cell adhesion by linking cadherins and actin cytoskeleton. Therefore, the b-catenin expression is membranous in normal and nonneoplastic cells. In contrast, as presented in many studies, cytoplasmic accumulation is observed in a significantly higher proportion of malignant tumors than of normal or nonneoplastic tissue. 4, [26] [27] [28] This method of grouping actually revealed significant correlation between b-catenin and other markers such as cyclin D1, c-myc, APC, E2F1, p53, and MDM2, and tumor grade and patient survival. 4, 26, 27 The b-catenin expression in the cytoplasm and/or nucleus could be considered to be an indication of its aberrant expression. The association between decreased WIF1 expression and cytoplasmic or cytoplasmic/nuclear staining of b-catenin is similar to the results of a study by Gao et al, 9 in which promoter demethylation treatment increased WIF1 expression and decreased the cytosolic b-catenin level. However, expression of cyclin D1 or c-myc was not related to the expression level of WIF1 or to WIF1 promoter methylation, although the proportion of cells with intermediate or strong c-myc immunohistochemical intensity was slightly higher in tumors with decreased WIF1 immunohistochemical expression. This contrasts with the study of bladder cancer by Urakami et al, 19 in which expression of cyclin D1 and c-myc was higher in tumors with low WIF1 mRNA expression. It is apparent that b-catenin is regulated by WIF1 through WNT signaling. However, although WIF1 may play a role in the regulation of cyclin D1 and c-myc, we should also consider the involvement of other mechanisms.
The mutation of IDH1 in glioma is known to be associated with young age, a secondary-type GBM, and increased overall survival. 29, 30 In our study, the proportion of IDH1-positive tumor was lower than reported, 29, 30 and was not significantly different between diffuse astrocytoma and glioblastoma, between low and high WIF1 positivity group, either between o5% methylation or 45% methylation group. IDH1-positive tumors showed longer patient survival, although statistical significance was not reached. Although the oncogenic mechanism of IDH1 mutation remains largely unknown, mutant IDH1 seems to induce global DNA methylation. 31 Therefore, WIF1 promoter methylation might be affected by IDH1 mutation, but further study with larger numbers of cases is necessary to confirm.
The role of promoter methylation of the WIF1 gene as a prognostic factor is still controversial. Promoter methylation of WIF1 was reported to have no association with patient survival in hepatocellular carcinoma, 11, 12 but a relationship with TNM stage and age was demonstrated in nasopharyngeal carcinoma. 12 In stage IA non-small cell lung cancer, WIF1 promoter methylation is an independent prognostic factor in relapse-free survival and patient survival. 15 The association between WIF1 promoter methylation or WIF1 protein expression level and patient survival has not previously been investigated in astrocytoma. In this study of astrocytoma, % methylation of the WIF1 gene promoter showed no association with patient survival. Patients with decreased WIF1 protein expression in their tumors showed shorter survival than patients with high WIF1 protein expression on univariate analysis, but the statistical significance was diminished by multivariate analysis with tumor grade and patient age. The univariate survival analysis with a separate set consisting only of glioblastomas showed similar results. It seems that astrocytomas with decreased WIF1 protein expression show worse prognosis because tumors with low WIF1 protein expression are more frequently high-grade tumors. A recent study 8 with glioblastoma cell line revealed that WIF1 overexpression induced a senescence-like phenotype, inhibited cell proliferation and anchorageindependent growth in vitro, and abolished tumorigenicity in vivo, suggesting that WIF1 can be a therapeutic target in the treatment of astrocytoma. Therefore, the independent prognostic effect of WIF1 promoter methylation and WIF1 protein expression is yet to be revealed with larger numbers of tumor samples.
In conclusion, promoter methylation of the WIF1 gene is increased in astrocytoma compared with control brain tissue, although the level of methylation is not associated with tumor grade, suggesting that WIF1 promoter methylation is associated with initiation of astrocytoma. In contrast, accumulation of additional downstream alterations in the WNT/bcatenin pathway, such as expression of b-catenin, cyclin D1, and c-myc, seems to be associated with more aggressive tumor behavior. Promoter methylation is a major mechanism of WIF1 gene inactivation, and decreased WIF1 protein expression is associated with increased accumulation of cytoplasmic or cytoplasmic/nuclear b-catenin, supporting a role of an intimately linked mechanism involving WIF1 promoter methylation, WIF1 expression, and the WNT/b-catenin pathway in astrocytoma tumorigenesis. WIF1 promoter methylation and WIF1 protein expression are not related to patient survival, but further studies with larger numbers of materials are needed to evaluate their prognostic effect.
